The phylogenetic diversity of a continental-shelf picoplankton community was examined by analyzing 16s ribosomal RNA (rRNA) genes amplified from environmental DNA with bacterial-specific primers and the polymerase chain reaction (PCR). Picoplankton populations collected from the pycnocline (10 m) over the eastern continental shelf of the United States near Cape Hatteras, North Carolina, served as the source of bulk nucleic acids used in this study. A large proportion of the 169 rDNA clones recovered (33%) were related to plastid 16s r-RNA genes, including plastids from both chromophyte and chlorophyte algae. Most bacterial gene clones (75% of bacterial clones, 50% of the total) were closely related to r-RNA gene lineages that had been discovered previously in clone libraries from opcnocean marine habitats, including the SARI36 cluster (y-Proteobacteria), SAR83, SARll, and SAR116 clusters (all a-Proteobacteria), as well as the marine Gram-positive cluster (high G+C Gram-positive). Most of the remaining bacterial clones recovered were phylogenetically related to the y and /3 subclasses of the Proteobacteria, including an rDNA lineage within the type 1 methylotroph clade of the p subclass. The abundance of plastid rDNAs and the lack of cyanobacterial-related clones, as well as the presence of P-Proteobacteria, are features of this coastal picoplankton gene clone library that distinguish it from similar studies of oligotrophic open-ocean sites. Overall, however, these data indicate that a limited number of as yet uncultured bacterioplankton lineages, related to those previously observed in the open ocean, can account for most cells in this coastal marine bacterioplankton assemblage.
Information on marine microbial diversity has often been derived from enrichment culture studies (e.g. Baumann et al. 1972) . In recognition of the biases implicit in microbiological cultivation techniques, there has been a marked shift to reliance on the cloning and sequencing of 16s ribosomal RNA genes directly from naturally occurring microbial assemblages as a means of assessing microbial diversity (Olsen et al. 1986; Ward et al. 1992; Giovannoni et al. 1995) . Although biases associated with the molecular methods applied to microbial ecology are not yet well understood, they appear to be less limiting than those associated with culture-based methods (Ward et al. 1992; Giovannoni et al. 1995) .
Pelagic ocean habitats were among the first environments to be studied with rRNA gene cloning approaches. This choice was not surprising, since ocean systems are both biogeochemically significant and technically tractable for molecular studies (Giovannoni et al. 1990a; Schmidt et al. 1991) . Most such studies have characterized bacterioplankton populations from oligotrophic regions of the open ocean, I Present address: Dept. Marine Sciences, Discovery Hall, Stony Brook, New York 11794-5000.
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We are grateful to Kevin Vergin for comments regarding this manuscript and invaluable technical help. Let Kcrkoff provided us with the nucleic acid sample used in the construction of this clone library, and Doug Gordon aided in the design of probe SAR83R. We are indebted to Volker Huss and Linda Mcdlin for comparisons of our plastid clones to databases of unpublished plastid 16s rRNA gent sequences. WC also thank Terah Wright, Doug Gordon, Ena Urbach, Marcelino Suzuki, and Brian Lanoil for many useful comments. This work was supported by Department of Energy grant FG0693ER61697, a contract from Brookhaven National Laboratory, and the Oregon State Agricultural Experiment Station, of which this is technical paper No. 11, 231. including samples from the surface of the Sargasso Sea in the Atlantic Ocean (Giovannoni et al. 1990a; Fuhrman et al. 1993) , the surface of the central Pacific Ocean near Hawaii (Schmidt et al. 1991 ), and at depths of 100 and 500 m in the western California Current (Fuhrman et al. 1993) . Additionally, PCR-amplified 16s rDNA were analyzed to compare marine snow-associated bacteria with free-living bacterioplankton collected in seawater from the Santa Barbara Channel off the California coast (DeLong et al. 1993) . Two general conclusions have been drawn from these studies: the vast majority of 16s rDNAs retrieved from natural, mixedpopulation bacterioplankton samples do not correspond to the rRNA gene sequences obtained from cultured marine bacteria (Giovannoni et al. 1995) ; and although phylogenetically diverse, most rDNA clones obtained from oligotrophic open-ocean bacterioplankton communities fall into a few distinct phylogenetic groups (Fuhrman et al. 1993; Mullins et al. 1995; Giovannoni et al. 1996a ).
Current trends in oceanographic studies emphasize models that treat bacterioplankton as a compartment through which elements and energy flux (reviewed in Ducklow 1994) . Typically, such studies measure bacterial processes as community averages, and do not characterize the physiological activity of individual species. These models have great utility and have served well the need to generally establish the relationship between bacterioplankton and other major elements in marine food webs. With the advent of molecular ecology, it has been recognized that bacterioplankton are dominated by a relatively limited subset of phylogenetic groups that are widely distributed and often exhibit clear trends in their vertical distributions in the water column (Mullins et al. 1995; Giovannoni et al. 19966; Gordon and Giovannoni 1996; Field et al. 1997) . Data indicate that bacterioplankton communities are relatively structured, but the influence of community structure and dynamics on the re-Temper~~re ("C) ~Q~~~t~~e JXstmce Offshore &mI Carolina, ~icoplanktun samples recovered from a depth of 10 m at Sta, 18, indicated by the filled circle in the cross-shelf contour plot of tem~ratur~, were the source of the nucleic acids used in this study. sults of system-level studies has yet to be established. It is reasonable that an understanding of community dynamics should contribute to the development of a more accurate overview of ecosystem functions.
Our study is part of the U.S. Department of Energy's Ocean Margins Program. This program is focused on the eastern continental shelf of the United States near Cape Hatteras, North Carolina. The goal of the program is to study the storage, flux, and transformations of carbon in ocean margin systems. Although continental shelves account for only a small percentage of the total surface area of the world's oceans, they may provide a significant sink for atmospheric carbon dioxide and a major pathway for the export of organic matter into deep ocean basins (Walsh et al. 1985; Rowe et al. 1986; Walsh 1991) . As a first step in analyzing the role of bacterioplankton community structure on organic carbon transformations in this region, we investigated the phylogenetic diversity of a continental shelf picoplankton community by an analysis of PCR-amplified 16S rRNA genes. Nearly a third of the 169 clones recovered in this library were derived from eukaryotic phytoplankton plastid rRNA genes. In addition to genes from previously identified uncultured bacterioplankton, this study uncovered members of the p subclass of the Proteobacteria that had not been observed previously in 16S rDNA clone libraries constructed from seawater, including a unique lineage within the type I methylotroph clade.
Materials and methods
rRNA gene amplijication and clone library constructionThe construction of this clone library was described previously (Rappe et al. 1995) . On 13 May 1993, a picoplankton sample was collected on 0.2-pm filters by filtration of unfiltered seawater taken from a depth of 10 m at station 18 (35"59'N, 75'08'W) of RV Gyre cruise 93-G6 (Fig. 1) . The sonic depth at station 18 was 35 m. Total cellular nucleic acids were isolated from the picoplankton sample by cell lysis with proteinase K and SDS and phenol/chloroform extraction (Giovannoni et al. 1990b ). Bacterial and plastid 16S rRNA genes were amplified from the environmental sample of genomic DNAs by using the two general bacterial 16S rRNA primers 27F and 1522R (Giovannoni 1991) and the polymerase chain reaction (Saiki et al. 1988 ). The blunt-ended rDNA amplification product was inserted into the phagemid vector pBluescript KS11 (Stratagene, La Jolla, California), and the product of this ligation was used to transform competent E. coli cells. Positive (white colony) transformants were streaked for isolation and stored in stab cultures. Clones in this library were assigned the prefix OM (Ocean Margins) and numbered discontinuously from 1 to 303. rRNA gene sequencing and phylogenetic analysis-Ternplate plasmid DNAs for sequencing were prepared from overnight cultures of positive transformants by a general alkaline lysis miniprep protocol by means of commercially available plasmid purification kits, quantified spectrophotometrically, and visualized by agarose gel electrophoresis. A pBluescript plasmid known to contain the correct sized insert of 1.5 kilobases (kb) was used as a positive size standard while one lacking an insert, isolated from a blue colony, served as a negative control. Plasmid DNAs from clones containing full-length inserts were sequenced (partially or in full) on both strands by using an ABI model 373A automated sequencer (Applied Biosystems, Foster City, California), dye-terminator chemistry, and conserved rRNA gene primers (Lane 199 1) .
DNA sequence data from cloned 16S rDNA genes were [178] [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] 45°C This study 338-355 Universal for Bacteria 45°C Amann et al. 1990 * E. coli numbering as a reference. *j-Empirically dctcrmined probe stringency hybridization temperature.
manually aligned to bacterial and plastid sequences obtained from the Ribosomal Database Project (RDP, Maidak et al. 1994) and Genbank by using the Genetic Data Environment (GDE) ~2.0 sequence analysis software package. Regions of ambiguous alignment were excluded from the analyses. The Phylogeny Inference Package (PHYLIP ~3.5; Felsenstein 1989) was used for all phylogenetic analyses except for maximum likelihood, for which we used the program fastDNAml distributed by the RDP (Maidak et al. 1994; Olsen et al. 1994) . Evolutionary distances were calculated with the program DNADIST and the Kimura 2-parameter model for nucleotide change, with a transition/transversion ratio of 2.0 (Kimura 1980) . The program NEIGHBOR was used to reconstruct phylogenetic trees from evolutionary distance data by the neighbor-joining method (Saitou and Nei 1987) . Parsimony trees were reconstructed by using the program DNA-PARS. A total of 100 bootstrapped replicate resampling datasets for DNADIST were generated by using SEQBOOT with random sequence addition and global rearrangement (Felsenstein 1985) . All phylogenetic trees were edited with the program Treetool, available through the RDI? Secondary structural models were constructed with the program gRNAid ~1.4 and were manipulated manually for optimal agreement with published 16S rRNA secondary structures (Gutell 1994) . All gene sequences were submitted to the RDP program CHECK-CHIMERA to aid in the detection of chimeric gene artifacts (Maidak et al. 1994) . Raw sequence similarities were calculated without distance correction by using the program DNADIST, available with PHYLIP v.3.5. For closely related taxa, all positions in the alignment for which both sequences contained a nucleotide were used in the similarity calculation. For more distantly related taxa, hypervariable regions for which alignment was uncertain were excluded from the similarity calculations. Similarities were calculated from partial sequences by considering all available overlapping regions.
Oligonucleotide probes-Taxon-specific oligonucleotide probes were used to partially screen the OM clone library (Table 1) . Three oligonucleotide probes (CHRYS 1, HAPl, SAR86R) were designed from preliminary sequence data obtained from the OM clone library. The design and construction of CHRYS 1 and HAP1 have been described previously (Rapph et al. 1995) . Probe SAR86R was designed to complement the clones OMlO, OMl l,OM23,OM24, and OM94 at positions corresponding to E. coli 16S rRNA positions 178-l 94 (17 bases, Table 2 ; Brosius et al. 1978 ). The probes were screened for possible cross-hybridization to unrelated clones by submitting the sequences to the program CHECIGPROBE, available through the RDP, for comparison to sequences in the RDP (Maidak et al. 1996) . The probe 338R, universal for most bacterial 16S rDNAs (Amann et al. 1990) , was used to check for the presence of rDNA clone inserts in the recombinant plasmids. All probes used in this study were constructed with an Applied Biosystems automated DNA synthesizer and were [32P]-lab&led on their 5' terrnini with T4 polynucleotide kinase as previously described (Giovannoni et al. 1988a ).
Colony blot construction and probe hybridization-Colony blots (pinblots) were prepared as previously described (Rappk et al. 1995) . Briefly, a Kleinschmidt 96A-PR microtiter plate replicator (M. Kleinschmidt, Palm Springs, California) was used to inoculate membranes overlaid on nutrient agar plates from 96-well microtiter plates containing positive transformants. Inoculated membranes were incubated at 37°C for 6 h on the agar plates. The membranes were then placed in a cell lysis buffer, microwaved, and submerged in a proteinase K solution. Finally, the membranes were baked and W-crosslinked to fix the DNA to the membrane.
Pinblots were prehybridized in 15 ml Z-hyb buffer (1.0 mM EDTA, 0.50 mM NaH,PO, pH 7.2, 7.0% SDS) for 45-60 min at room temperature. After decanting the prehybridization buffer, the blots were hybridized in 6.0 ml Z-hyb buffer containing 200 ~1 of ["2P]-labeled oligonucleotide (25-50 ng of oligonucleotide) for 8-16 h at room temperature. The blots were washed three times for 15 min each in 25 ml wash buffer [0.2X SSPE (150 mM NaCl, 1.0 mM EDTA, 10 mM NaH,PO, X H,O pH 7.4), 0.1% SDS] at room temperature, and one time for 30 min at the probe hybridization stringency temperature (T,,). The Tkl for each probe was determined empirically by washing at successively higher temperatures. Blots were stripped of probe by washing three times in 25-50 ml wash buffer at 70°C for 10 min each wash. All blots were visualized with a Molecular Dynamics PhosphorImager SI (Molecular Dynamics, Sunnyvale, California) as well as autoradiographically with xray film.
Accession numbers-Nucleotide sequences were filed in Genbank under the following accession numbers: OMl, U70710; OM5, U70715; OMlO, U70693; OM23, U70694; OM25, U70678; OM27, U70713; OM38, U70679; OM39, U70716; OM42, U70680; OM43, U70704; OM55, U70681; OM58, U70705; OM59, U70695; OM60, U70696; OM65, U70682; OM75, U70683; OM81, U70717; OM93, U70697; OMllO, U70714; OMlll, U70718; OM125, U70719; OM133, U70698; OM136, U70684; OM143, U70685; OM153, U70720; OM155, U70686; OM156, U70706; OM164, U70721; OM180, U70707; OM182, U70699; OM185, U70700; OM188, U70687; OM190, U70712; OM231, U70711; OM233, U70701; OM239, U70688; OM241, U70702; OM242, U70689; OM247, U70690; OM252, U70703; OM255, U70722; OM258, U70691; OM270, U70723; OM271, U70708; OM273, U70709; OM283, U70724; OM299, U70692. Identical clone sequences were not filed.
Genbank accession numbers were obtained previously for the following clones (Rappe et al. 1995) : OM13, U32667; OM19, U32668; OM20, U32670; OM21, U32671; OM22, U32669.
Results
Hydrography and biological data--Hydrographic data from RV Gyre cruise 93-G6 have been compiled by Verity et al. (1996) . At the time of sampling from station 18, the water column was stratified, with warmer, fresher water overriding relic, winter bottom "cold pool" water ( Fig. 1 ). This is a common seasonal stratification pattern in this region (e.g. Burrage and Garvine 1988; Chapman and Gawarkiewicz 1993). Density profiles indicated that the warmer, fresher water was apparently Chesapeake Bay outflow (Verity et al. 1996) . The sample used in this study was collected at the pycnocline, and thus was a mixture of Chesapeake Bay outflow and cold pool water (Fig. 1 ). Water temperature was 13.7"C and salinity was 30.8-31.0%0 at a depth of 10 m below station 18. The general hydrography of this region is discussed more thoroughly elsewhere (e.g. Sherman et al. 1988 , Walsh 1988 .
The OM clone library--The 169 clones that constitute the Ocean Margins 16S rDNA clone library described here are those that either hybridized to a taxon-specific oligonucleotide probe or contained a full-length (1.5 kb) rDNA insert. Of 96 clones for which sequence data were obtained, 52 contained unique sequence data. Some clones with lengths --< 1.5 kb seemingly contained fragments of rRNA genes, which are commonly observed in clone libraries of this type. An analysis of the two rDNA clone groups most closely related to the plastid 16S rRNA genes of the prymnesiophyte Emiliania huxleyi and the bacillariophyte Skeletonema costatum was described previously (Rappe et al. 1995) . Information on an additional 126 clones is provided here. , and P-Proteobacteria (C) 16s rDNA clones from the Ocean Margins clone library. The trees were inferred by the neighbor-joining method from a total of -450 nucleotide positions. The number of bootstrap replicates that supported the branching order are shown above the relevant nodes (out of a total of 100 replicate samplings). Values below 50 are not shown. The scale bar corresponds to 10 nucleotide substitutions per 100 sequence positions. The 16s rRNA gene scquenccs of Escherichia coli (a-and P-Protcobacteria trees) and Rhodoferax fermentans, Burkholderia cepacia, and Rhodocyclus purpureus ( y-Proteobacteria tree) were used as outgroups. described 16s rDNA gene clusters-SAR83
(Britschgi and Giovannoni 1991), SARll (Giovannoni et al. 1990a), and SAR116 (Mullins et al. 1995) . Represented by OM42 and OM65 in Fig. 2A , OM clones related to the SAR83 cluster comprised 21% of the bacterial clones recovered (Table 3) . As in previous analyses of SAR83-related clones (Britschgi and Giovannoni 1991; Fuhrman et al. 1993; Mullins et al. 1995) , the neighbor-joining and bootstrap analyses in Fig.  2A (mask of -450 nucleotides) confirmed this cluster's strong phylogenetic affiliation with Roseobacter denitrificans and Roseobacter Zitoralis, members of subgroup a-3 (bootstrap = 99/100 replicates). Members of the genus Roseobacter are pink-pigmented heterotrophs that synthesize bacteriochlorophyll a aerobically, and have been isolated from marine macrophytic algae (Shiba 1991; Ashen and Goff 1996) . The ar-Proteobacteria subgroup designations follow those proposed by Woese et al. (1984a) . Overall sequence similarities for environmental clones in the SAR83 cluster indicated a high level of within-cluster diversity: SAR83 and related clones in the Ocean Margins library had sequence similarities in the range of 91.9-lOO%, whereas the clones had sequence similarities to R. denitriJicans in the range of 92.4-93.5%. A maximum-likelihood analysis of members of the SAR83 cluster revealed slightly different within-cluster relationships than those proposed in Fig. 2A  (Fig. 3) . In particular, the OM42 lineage and SAR83 were recovered as specific relatives, whereas the OM65 lineage formed an independent line of descent. Together, the two lineages of environmental clones encompassed R. denitriJicans and R. litoralis.
The SARll cluster comprised 12% of the bacterial rDNA clones recovered (Table 3) . It seems to be a very cosmo- -r Calculated by dividing the number of clones in each group by the total number recovered (n = 169). $ Calculated by dividing the number of clones in each bacterial group by the total number of bacterial clones recovcrcd (n = 112).
politan clone type, having been recovered from both the Atlantic and Pacific central ocean gyres (Gjovannoni et al. 1990a; Schmidt et al. 1991; Fuhrman et al. 1993) , as well as a clone library of 32 clones constructed from surface seawater of the Santa Barbara Channel (DeLong et al. 1993 ).
The neighbor-joining analysis in Fig. 2A indicated a loose phylogenetic relationship between members of the SARll cluster (including OM136, OM155, and OM188 from the Ocean Margins library), Porphyrobacter neustonensis and Erythrobacter Zongus str. Ochl 01, members of subgroup a-4 ( Fig. 2A) , although bootstrap analyses and analyses of full-length clone sequences did not support this affiliation. In a maximum-likelihood analysis of Ocean Margins SARl l-related clones, the SARl 1 cluster exhibited a high level of within-cluster diversity (Fig. 3) . Ocean Margins rDNA clones related to the SARl 1 cluster had sequence similarities ranging from 89.6 to lOO%, with similarities between 79.2 and 81.0% to the 16s rDNA of E. Zongus str. OchlOl and between 78.6 and 80.1% to the 16s rDNA of P. neustonensis.
Ocean Margins relatives of the SARl16 cluster also comprised 12% of the bacterial rDNA clones recovered in this library. Represented by OM25, OM38, and OM55 in Fig.  2A , this cluster of rDNA genes resided within subgroup a-l of the a-Proteobacteria (bootstrap = 65000 and 78/100 replicates, Fig. 2A) . Members of the SARl16 cluster were most similar to Azospirillum lipoferum (87.5-89.1%), Azospirillum brasilense (87.1-88.9%), and Rhodocista centenaria (86.3-89.0%), although phylogenetic analyses that included more of the dataset could not resolve a nearest cultivated neighbor for this group (mask up to -1,100 nucleotide positions; data not shown). Instead, the SAR116 cluster formed a unique line of descent within subgroup CY-1 ( Fig. 2A) . As in the SAR83 and SARll clusters, SARl16-related clones contained a high degree of within-cluster sequence variability, with four distinct lineages within the SARl16 cluster being apparent (Fig. 3) . Sequence similarities ranged from 89.6 to 100% for Ocean Margins rDNA clones related to the SARl 16 cluster, whereas the rDNA sequence of SARl16 was most similar to clone OM55 (98.1%). A unique OM clone related to the cx-Proteobacteria (OM75) was found to be affiliated with subgroup a-l and R., Roseobacter; A., Azospirillum; E., Erythrobacter; P., Porphyrobacter; B., Bathymodiolus; L., Lucina.
showed highest similarity to A. Zipoferum (90.5% similar) but did not show a direct affiliation with the SARll6 cluster ( Table 3) .
The phylogeny of a-Proteobacteria depicted in Fig. 2A was constructed from -450 nucleotide positions located on the 5' end of the 16s rRNA gene by the neighbor-joining method. Clones OM25 (SARI 16 cluster), OM38 (SAR116 cluster), OM136 (SARll cluster), OM155 (SARl 1 cluster), and OM75 (unique cy Proteobacteria) were sequenced completely, and neighbor-joining, parsimony, and maximumlikelihood analyses were performed that included the full dataset (mask of -1,100 nucleotide positions). The results of these analyses supported the general relationships described above (data not shown). Clone SARll6 was not included in the phylogenetic analyses depicted in Figs. 2A and 3 because nucleotide sequence data for this clone start at E. coli position 169, necessitating a much shorter mask in phylogenies that included only sequence data on the 5' end of the 16s rRNA gene. However, all phylogenetic analyses that included SAR116 in the dataset supported the relationships described above (data not shown).
y-Proteoba t c eria-Forty-four clones recovered in the OM library fell within the y division of the Proteobacteria, of which 32 (29% of the bacterial clones) were members of the SAR86 cluster (Table 3 ; Mullins et al. 1995) . This constituted the largest cluster of bacterial clones recovered in the OM library and, as in previous analyses, a close cultivated phylogenetic relative of the SAR86 cluster could not be determined (Mullins et al. 1995) . The neighbor-joining analysis in Fig. 2B indicated a loose relationship between members of the SAR86 cluster and the sulfur-oxidizing bacterial endosymbiont of Bathymodiolus thermophilus, a deep-sea hydrothermal vent-associated bivalve (Distel et al. 1988) . Bootstrap analyses did not support this affiliation, although the same relationship was recovered when a longer mask was used (data not shown). The SAR86-related clones were most similar to the bacterial symbionts of B. thermophilus (86.8-88.7%) and LucinaJloridana (87.3-88.4%). As in the a-Proteobacteria clusters, the SAR86 cluster contained significant within-cluster variability, with similarities between OMlO, OM23, and SAR86 in the range of 91.9-97.0% (Fig. 3) .
Three OM rDNA clones were phylogenetically affiliated with members of the genus Oceanospirillum and others in subgroup 3 of the y-Proteobacteria (Table 3 ; y-Proteobacteria subgroups as in Woese et al. 1985) . Represented by OM182 in Fig. 2B , two Ocean Margins clones were most similar to Marinomonas vaga (91.5%), a marine bacteria originally isolated by enrichment culture from surface seawater collected off the coast of Hawaii in the Pacific Ocean (Baumann et al. 1972 ). OM252, a unique clone type in this library, had highest sequence similarity to the marine bacteria Oceanospirillum beijerinckii (89.0%), Oceanospirillum commune (88.6%), and clone OM182 (88.4%; Fig. 2B) .
A set of four clones related to the y-Proteobacteria, represented by OM60 and OM241 in Fig. 2B , were most similar to strain SCB 111, a marine bacterium isolated from seawater collected off Scripps pier (89.1-89.5% similar; Rehnstam et al. 1993) , and the sulfur-oxidizing bacterial endosymbiont of L. Jloridana (88.6-90.3%). Though phylogenetically related to each other (93.1% similar, bootstrap = 97/100 replicates), the phylogenetic relationships of OM60 and OM241 to other members of the y-Proteobacteria were unstable, however, and were not recovered with confidence in the bootstrap analysis depicted in Fig. 2B , or in phylogenetic analyses using mask lengths that encompassed most of the rDNA molecule (data not shown).
Four Ocean Margins rDNA clone sequences were highly similar to the 16s rRNA gene sequences from cultured species within the y-Proteobacteria (Table 3 , Fig. 2B ). These included OM 133 (Pseudomonas aeruginosa str. NIH 18, 99.3% similar), OM93 (Azospirillum sp. str. DSM1727, 99.0% similar), OM59 (Marinobacter hydrocarbonoclasticus, 97.0% similar), and OM233 (Pseudomonas jlavescens str. B62, 95.5% similar). Note that Azospirillum sp. str. DSM1727 is not phylogenetically related to other members of the genus Azospirillum (a-Proteobacteria) and is obviously misclassified ( Fig. 2A, B ; Xia et al. 1994 ). P-Proteobacteria-Eleven 16s rDNA clones from the OM clone library (10% of the bacterial clones recovered) were related to the P-Proteobacteria (Table 3) . One set of clones, represented by OM43 in Fig. 2C , comprised 5% of the bacterial clones recovered and grouped within a clade of type 1 methylotrophs related to subgroup p-3 of the P-Proteobacteria (Bootstrap = 97/100 replicates; Tsuji et al. 1990 ; P-Proteobacteria subgroup designations as in Woese et al. 1984b ). In particular, the rDNA gene sequence of OM43 was most similar to Methylophilus methylotrophus str. ASl, an obligate type 1 methylotrophic bacterium isolated from activated sludge (92.6% similar; Jenkins et al. 1987 ). This relationship was also supported by the bootstrap analysis in Fig. 2C , which grouped OM43 and M. methylotrophus str. AS1 in 93 out of 100 replicate samplings.
The next most abundant set of clones related to the /3-Proteobacteria is represented by OM180 in Fig. 2C . Comprising 3% of the bacterial 16s rDNAs recovered (three clones), clone OM180 phylogenetically affiliated with Rhodoferax fermentans (9 1.8% similar), a phototrophic purple nonsulfur bacteria isolated from ditch water and activated sludge (Hiraishi et al, 1991; Hiraishi 1994) , and Variovoraxparadoxus (90.9% similar), a heterotrophic bacterium isolated from soil (Willems et al. 1991) . R. fermentans and V. paradoxus are members of the family Comamonadaceae within subgroup p-1 of the /?-Proteobacteria and are 94.0% similar in 16s rRNA gene sequence, but do not appear to share many phenotypic traits (Willems et al. 1991) . In this analysis, the Comamonadaceae (R. fermentans, V. paradoxus, and C. testosteroni) were recovered as a monophyletic group within the P-Proteobacteria in 98 out of 100 bootstrap replicates, with the inclusion of clone OM180 (Fig. 2C) .
Two OM 16s rDNA clones (2% of the bacterial clones) are represented by OM156 in Table 3 and Fig. 2C . In the neighbor-joining analysis depicted in Fig. 2C , OM156 affiliated with members of the genus Burkholderia of the p-2 subgroup (bootstrap = 84/100 replicates), including B. malZei (91.2% similar) and B. cepacia (91.9% similar). B. mallei and B. cepacia (96.1% similar) demonstrated a robust affiliation in Fig. 2C , forming a monophyletic cluster in 100 out of 100 bootstrap replicate samplings.
Flexibacter-cytophaga-bacteroides-Three OM clones were related to the flexibacter-cytophaga-bacteroides (FCB) line of descent (Table 3 , Fig. 4 ; Paster et al. 1985) . Two OM clones, represented by OM273 in Fig. 4 , were highly similar to the sequence of BDAl-14, an rDNA clone fragment recovered in a PCR-generated rDNA library from Sargasso Sea surface water (98.1% similar for 242 base positions of overlap; Fuhrman et al. 1993) . Phylogenetic analyses indicated these clones formed a unique lineage within the FCB phylum (Fig. 4) , distantly related to Microscilla sericea str. SIO-7 (83.4% similar), Cytophaga Zytica (83.2% similar), and Cytophaga marknofava (83.0% similar). Phylogenetic analyses of clone OM271, a unique clone type in the OM library, placed it within the cytophaga subgroup of the FCB phylum (Fig. 4) , of which a number OF marine bacterial isolates are members (Gherna and Woese 1992 (88.8% similar), a pigmented, gas vacuolate bacterium ed from Antarctic marine water (Irgens et al. 1989 ).
isolat- Gram-positive-Two Ocean Margins clones (OMl and OM231 in Table 3) were highly similar to a cluster of nine fragmentary rDNA clone sequences of -105 nucleotides in length recovered by Fuhrman et al. (1993) in rDNA clone libraries constructed from Pacific (100 m) and Atlantic (10 m) seawater samples (95.2-99.0% similar). By using a mask of -1,100 nucleotides, neighbor-joining and bootstrap analyses of clones OM 1 and SAR432, an rDNA clone 95.8% similar to OMl recovered from 80 m in the Sargasso Sea (D. Gordon unpubl. data), placed this cluster of clones within the high G+C Gram-positive phylum (Fig. 5) . This "marine Gram-positive" cluster formed a unique, deeply branching lineage within the high G+C division of the Gram-positive bacteria and showed low sequence similarity (<8 I .O%) to any complete or nearly complete rRNA gene sequence recovered from a cultured bacterium available through Genbank or the RDP A secondary structural model was constructed from the rDNA gene sequence of clone OMl to check for base-pairing idiosyncrasies due to chimeric gene formation (Kopczynski et al. 1994) , as well as to identify signatures unique to the high G+C Gram-positive phylum (Fig. 6) . Clone OMl contained five of six sequence signatures for the high G+C Gram-positive phylum as defined by Woese (1987) , including an A residue at E. coli position 906, a C residue at position 955, a C residue at position 1207, a G residue at position 1229, and a G residue at position 1410 ( Fig. 6 ; numbering based on the E. coli 16s rRNA gene; Brosius et al. 1978) . At position 1198, clone OMl contained a G residue instead of the high G+ C signature A residue, though it is noted that a G residue at this position is the bacterial consensus, and is found in a minor percentage (< 15%) of high G+C Gram-positive bacteria. A portion of the helix in variable region 9 (V9, positions 1410 -1435 , 1466 -1490 Dams et al. 1988) was also reported by Woese as a high G+C Gram-positive rRNA signature (Woese 1987) . In the secondary structural model for clone OMl, nucleotide sequence and base pairing within this helix was consistent with the high G+C Gram-positive signature (Fig. 6 ).
Planctomycetales-One
clone from the OM library, OM190, was found to be closely related to the environmental clone AGG27, a 16s rDNA clone PCR-amplified from phytodetrital marine aggregates collected from the Pacific Ocean off the coast of California (99.6% similar; DeLong et al, 1993) . Neighbor-joining analyses indicated these two clones formed an extremely deep evolutionary branch related to the Planctomycetale line of decent ( Fig. 4 ; Stackebrandt 1986, Ward et al. 1995) . Though the phylogenetic tree in Fig. 4 was constructed from only -425 nucleotides, the unique position of OM190 and AGG27 did not change when a longer mask of -1,100 nucleotides was used in neighbor-joining, parsimony, and maximum-likelihood analyses (data not shown). Clone OM190 had no sequence similarities >78-79% when compared to 16s rRNA gene sequences from cultured bacteria available in Genbank and the RDP, the lowest of any clone in the Ocean Margins library. A signature sequence analysis comparing clones OM 190 and AGG27, members of the order Planctomycetales, and corresponding bacterial consensus nucleotides revealed OM190 and AGG27 contained six of eight Planctomycetale nucleotide signatures (Table 4; Woese 1987 ). OM190 and AGG27 did not contain the single base insertion after E. coli position 983 unique to members of the Planctomycetales, but had the bacterial consensus nucleotide at E. coli position 955, one of the two positions where it lacked a Planctomycetale signature base (Table 4) . Because of its unique phylogenetic position and lack of similarity to the 16s rRNA gene sequences of cultured bacteria, a secondary structural model for the OM190 rDNA gene product was constructed (Fig. 7) . No unusual base pairing was observed within conserved helices, although the cloned molecule was lacking -90 bases on its 5' end, including the 27F PCR primer site. For clone OM190, the secondary structural element at variable region 2 (V2, positions 140-223; Dams et al. 1988 ) of the bacterial 16s rRNA was most similar to that of Isosphaera pallida and Planctomyces limnophilus, although the Planctomycetales order as a whole is variable in this region.
Plastids-Fifty-five rDNA clones in the Ocean Margins library, or 33% of the total recovered, branched within the oxygenic phototroph line of descent. In particular, these clones affiliated with eukaryotic plastid 16s rRNA genes, which form a monophyletic clade within the cyanobacteria (Douglas and Turner 1991; Giovannoni et al. 1988b) . As previously reported, the two most abundant plastid rDNA groups in the OM library were closely related to the plastid 16s rRNA gene sequences from the Prymnesiophyceae (24 clones) and Bacillariophyceae (19 clones; RappC et al. 1995) . Additionally, OM clones tentatively related to the Prasinophyceae (eight clones; V. Huss pers. comm.) and the Cryptophyceae (one clone) were discovered (Table 3) . A phylogenetically close cultivated neighbor was not determined for three unique OM rDNA clones that fall within the plastid 16s rDNA line of descent.
Oligonucleotide probe hybridizations-Of 2 13 transformants included on the colony blots, 44, were later determined to be not of full length and thus were not included in the library analysis. The taxon-specific oligonucleotide probes listed in Table 1 were hybridized to the pinblots to aid in identifying clones belonging to potentially abundant rDNA groups in the OM library (data not shown). In addition to the clones identified by sequencing, 25 clones were identified by the SAR86R probe, 21 by the HAP1 probe, 13 by the SAR83R probe, 13 by the CHRYSl probe, and 4 by the SARllAl probe. Clones identified by probe hybridization contributed to the total number for each clone type listed in Table 3 . All other clone groups were identified solely by partial or complete rDNA sequencing.
Coverage of the OM clone library-The term "coverage" (C) describes the fraction of a clone library of infinite size that would be sampled by a clone library of smaller size (Good 1953; Giovannoni et al. 1995) . Thus, coverage estimates emphasize the fraction of genes (cells), rather than taxa, covered by a library. Coverage values are derived from the equation
where n, is the number of unique clones and N is the total number of clones examined. Assuming clones that are >97% similar are identical, the coverage for the 169 clones analyzed here was 95%. This number compares favorably with numbers published for smaller clone libraries from seawater (Mullins et al. 1995) . By its definition, the coverage estimate provided above pertains only to a hypothetical clone library of infinite size, derived from the same PCR product used in the construction of the clone library described here. Thus, any groups that were excluded by our choice of PCR primers (e.g. Archaea, Eukarya) are not included in the coverage analysis.
Chimeric and unique rDNA genes-All OM clones were closely examined for the possibility that they were chimeric gene artifacts. First, all rDNA gene sequences obtained in this study were submitted to the RDP program CHECK-CHIMERA. This revealed evidence of chimeric gene formation in the partial gene sequence obtained for rDNA clone OMllO, a unique clone type in the OM library. Approximately 390 nucleotides of sequence information was determined from the 5' end of this clone, corresponding to E.coli positions 8-400,CHECILCHIMERA indicated a fragment of 140 nucleotides on the 5' end of the sequence was closely related to the y subclass of the Proteobacteria, including the marine isolate SCB 111 and clones OM60 and OM241. The remaining fragment of 250 nucleotides was phylogenetically related to the (x Proteobacteria and, in particular, to species in the genus Azospirillum.
OM clones were analyzed further in two ways: first, secondary structures were generated for all sequenced OM rDNA clones to confirm their predicted 16s rRNA gene products could be folded into consensus secondary structures consistent with the general topological features of other established bacterial 16s rRNAs (data not shown except were noted; Gutell 1994); second, phylogenies and sequence similarities were derived from different regions of the cloned 16s rDNAs to aid in the detection of chimeras (data not shown; Robinson-Cox et al. 1995; Field et al. in press) . A phylogenetic analysis of the nearly complete rDNA sequence for clone OM27 indicated it was related to the Proteobacteria, but did not affiliate with any of its major subclasses (data not shown). A CHECK-CHIMERA analysis did not provide any evidence for chimera formation and failed to reveal a potential break point in the molecule. A secondary structural analysis of the entire rDNA sequence for OM27 revealed an odd "bulge" caused by an insertion of six nucleotides after position 246 of the E. coli 16s rRNA gene. (Brosius et al. 1978) . Target sites for the primers 27F and 1522R are indicated.
To examine the proposition that this position might be a potential break point, separate phylogenies were generated for the 240 nucleotides on the 5' end of the molecule and -1,000 nucleotides on the 3' end. Due to the short length of the fragment on the 5' end of the molecule, we could not resolve its phylogenetic position with confidence, although it did not strongly affiliate with any of the major proteobacterial subclasses. This fragment contained the secondary structural element at V2 of the bacterial 16s rRNA expected for the a-Proteobacteria (data not shown; Woese 1987) . The 3' end of the molecule was of similar phylogenetic position to that of the entire rDNA sequence for clone OM27; that is, it did not reside within any of the major subclasses of the Proteobacteria. The predicted secondary structural model for the 3' fragment of clone OM27 contained the expected (xProteobacteria secondary structural element at V3 of the bacterial 16s rRNA (Woese 1987) . Phylogenetic analyses using masks that incorporated variable lengths of the 5 ' and 3 ' end of the rDNA sequence failed to reveal any other potential break points in the molecule. In each case, OM27 appeared as an independent line of descent within the class Proteobacteria. Based on the above analyses, clone OM27 was either a phylogenetically unique member of the Proteobacteria or a chimeric gene artifact of a type that our current techniques could not resolve.
Discussion
Microbial ecology is moving rapidly into a new era in which focus is shifting to the importance of uncultured species and the role of community composition in ecosystem function. The study described here, which follows this trend, was initiated under the auspices of the Department of Energy Ocean Margins Program with the long-term goal of understanding the carbon cycle in the local region of the eastern continental shelf near Cape Hatteras, North Carolina. Our immediate objectives were to determine whether the bacterioplankton in this region of the continental shelf were similar to those which had been found previously in open-ocean samples, and to develop probes for the detection of key species in ecological studies planned for the future. Although we found much overlap between coastal and open-ocean bacterioplankton, we also identified important differences. Among the most important observations was the discovery of p proteobacterial genes closely allied to known taxa of obligate methylotrophic bacteria.
The evidence of methylotrophs was a surprise, because none had been found in previous clone libraries from marine systems, and there was nothing about the study site to suggest that it, in particular, should be the locus of unusual levels of Cl metabolism. The presence of these genes originating from a clade of type 1 methylotrophs does not necessarily imply that Cl metabolism was a prominent feature of the carbon cycle at the study site. There is no firm evidence that the organisms from which the genes originated are indeed methylotrophs or that, if they were methylotrophs, they were actively engaged in Cl metabolism. Nonetheless, the novel genes branched from within the methylotroph clade, rather than forming an outgroup. The phylogenetic tree in Fig. 1 shows the position of OM43 relative to Methylophilus methylotrophus and Methylobacillus flagellaturn, but the clade also includes Methylobacillus glycogenes, Methylomonas methanolica, and Methylomonas methylovora. These five species are all obligate methylotrophs that use the RUMP pathway for Cl assimilation and are unable to oxidize methane.
Although one aspiration of studies such as this is the discovery of new phylogenetic groups, from an ecological standpoint, the finding that relatively few taxa dominate the 16s rDNA gene distribution in this clone library is encouraging, because it suggests that a tractably small set of oligonucleotide probes might be sufficient for characterizing community ecology in future studies. Most of the bacterial rDNAs recovered in this clone library were related to previously detected rDNA lineages cloned from open-ocean marine habitats. In fact, nearly three-fourths of the bacterial fraction of the OM library were affiliated with four gene clusters-the SAR86 cluster (y-Proteobacteria), SAR83 cluster, SARl16 cluster, and SARll cluster (all a-Proteobacteria). Additionally, a small number of clones in this library were related to three rDNA lineages previously recovered from seawater, including a lineage within the flexibacter-cytophaga-bacteriodes line of descent, the high G + C Gram-positives, and a phylogenetically distinct lineage remotely associated with the Planctomycetales. The fact that these lineages have been recovered in independent investigations of marine prokaryotic diversity from both oligotrophic open-ocean habitats as well as this eutrophic continental shelf seawater sample indicates that they are widespread in pelagic marine systems and potentially important members of bacterioplankton communities.
rDNA gene clusters are related sets of genes that are more similar to each other than to any rRNA gene sequences from a cultivated organism (Giovannoni et al. 1996a) , and are commonly recovered in rDNA clone libraries constructed from environmental samples (Giovannoni et al. 1990a; DeLong 1992; DeLong et al. 1993; Fuhrman et al. 1993) . From a phylogenetic perspective, gene clusters resemble gene clades from cultivated organisms, but because gene cluster sequences come from uncultivated organisms, it is not known whether they represent separate cellular lineages. An analysis of the 16s rRNA gene sequences from the seven rrn operons of E. coli strain PK3 (Cilia et al. 1996) revealed inter-operon similarities between 98.9 and lOO.O%, indicating that the divergence between rrn operons of the same organism may explain the shallowest branches in an envi- ronmental gene cluster, but is not sufficient to explain the high degree of sequence divergence characteristic of the gene clusters described here. Recently, we have reported evidence that the genetic diversity within the SARl 1 gene cluster includes gene lineages that exhibit different depth-specific distributions (Field et al. 1997) , but little information is currently available on the ecological significance of the many gene clusters recovered in this analysis.
In this study, we determined complete sequences from a large number (16) of gene clones and multiple partial gene sequences for representatives of gene clusters that had been identified in previous studies. An alternative strategy would have been to identify larger numbers of clones with fragmentary gene sequences, thereby increasing the chances of identifying evolutionarily novel gene clones. Our choice of rDNA gene sequencing strategy was dictated by our longterm goal of understanding the ecology of marine bacterioplankton by applying oligonucleotide probes and other genetic methods to large numbers of environmental samples. For this purpose, complete gene sequences offer the important advantage of providing the experimentalist with a larger number of potential variable regions to be considered in the design of oligonucleotide probes. Because the process by which substitutions are accumulated in gene lineages is random, the occurrence of suitable probe sites for ecological studies cannot be guaranteed through the inspection of only a small domain of the 16s ribosomal RNA molecule. In principle, the greater number of potential probe hybridization sites made available by complete sequences can lead to the selection of probes that have a higher specificity, and also to the design of multiple hybridization probes, which can increase the resolution of in situ hybridization studies based on the use of fluorescent rDNA probes. A second reason for determining complete gene sequences is that they permit comparisons between data obtained by different investigators. For example, previous investigations of 16s rDNA clones from the Atlantic and Pacific Oceans (Schmidt et al. 199 1; Furhman et al. 1993 ) examined parts of the 16s ribosomal RNA gene that did not overlap, preventing direct comparisons between these datasets. A third reason for determining complete gene sequences is that they offer a higher degree of phylogenetic resolution. This attribute of longer nucleotide sequences is particularly important when the subject in question is a lineage which branches deeply from within the bacterial phylogenetic tree and displays uncertain affiliations with known phylogenetic groups, as in the case of SAR202 (Giovannoni et al. 1996b ), SAR406 (Gordon and Giovannoni 1996) , the marine Gram-positive group (Fuhrman et al. 1993) , and the AGG27/OM190 lineage (DeLong et al. 1993) .
There are also compelling reasons to determine multiple gene sequences from members of a single gene cluster. In such cases, a single gene sequence is usually sufficient to determine the phylogenetic position of the gene cluster relative to known microbial groups. However, for the purpose of designing hybridization probes, mu1 tiple gene sequences offer powerful advantages because they permit the selection of probe hybridization sites that are either common to many members of a gene cluster, or to specific sub-branches within a phylogenetic cluster. In the case of the SARl 1 cluster, these advantages seem to be ecologically significant (Field et al. 1997) .
The methods used here are not without limitations and potential biases of their own. Although such concerns are widely expressed, no methodological biases have yet been described that would invalidate the broad conclusions reached by studies such as these. Indeed, it is particularly interesting to note the general congruence between 16s rDNA sequencing studies that differed significantly in the methodologies used (Giovannoni et al. 1995; Mullins et al. 1995) . We have recently reported biases that can be introduced by PCR in cases where product concentrations rise to high values during late rounds of replication, but these biases serve to increase, rather than decrease, the diversity of genes in PCR products derived from natural systems (Suzuki and Giovannoni 1996) . Importantly, even if this clone library accurately refected the relative abundance of rRNA gene types in the original sample, the abundance of rRNA genes and organism abundance in the environment may differ due to variations in rRNA gene copy number and genome size between taxa (Farrelly et al. 1995) .
The composition of this clone library was decidedly different than those from previous open-ocean studies, although there was substantial overlap. Given the locale of our sampling site, the frequency of plastid genes and lack of prokaryotic oxygenic phototrophs in this clone library did not come as a great suprise. In many coastal pelagic ecosystems, the biomass of eukaryotic phytoplankton often outweighs that of prokaryotic oxygenic phototrophs by several orders of magnitude (e.g. Murphy and Haugen 1985; Glover et al. 1986; Marshall and Ranasinghe 1989) . Data from our sample showed that, in addition to outweighing prokaryotic oxygenic phototrophs by 2-3 orders of magnitude, eukaryotic phytoplankton were often numerically more abundant than their cyanobacterial counterparts (Verity et al. 1996) . Other factors may have contributed to the abundance of plastid rRNA genes in this clone library, including the absence of a prefiltration step in our sample collection, the multiplicity of chloroplasts in many phytoplankton taxa, and the multiplicity of plastid genomes within these plastids. As in previous studies of this type, there seemed to be little overlap between rDNA clone sequences and those of cultured marine bacteria, with only four clones in the Ocean Margins library described here showed >95.0% similarity to the rRNA gene sequences of cultured bacteria.
Investigations that use oligonucleotide probes for specific taxa have begun to reveal pronounced temporal and spatial patterns in the distributions of some bacterial groups in pelagic ocean environments (Giovannoni et al. 1996b; Gordon and Giovannoni 1996) . The significance of these observations and their generality with respect to the complex hydrology of the Cape Hatteras area cannot be established without investigating a large number of water samples. By identifying potentially abundant bacterioplankton in this region, we have taken the first step toward this goal.
